Abstract-Quarter-micrometer gate-length HEMT's for cryogenic low-noise application with very low light sensitivity have been developed. At room temperature, these exhibit a noise figure of 0.4 dB with associated gain of 15 dB at 8 GHz. At a temperature of 12.5 K the minimum noise temperature of 5.3 f 1.5 K has been measured at 8.5 GHz, which is the best noise performance ever observed for any microwave transistors. The results clearly demonstrate the great potential for low-temperature low-noise applications.
I. INTRODUCTION
N RECENT YEARS, high-electron-mobility transis-I tors (HEMT's) have been demonstrated to show superior noise performance to conventional MESFET's. Noise performance of 0.25-pm HEMT's and MESFET's fabricated in the GE laboratory are compared in Fig. 1 over 8-60 GHz at room temperature. HEMT's not only have lower noise figures, they also have several characteristics that make them more attractive for low-noise applications than the MESFET's. The scattering parameters (S-parameters) of a HEMT in a 50-Q system exhibit lower 1 S,, 1 and higher I S,, 1 values than those for a MESFET of the same size, providing inherently better output match and larger gain-bandwidth product. In addition, a HEMT has much lower noise conductance, g, and usually a lower ratio Xgopt/Rgopt (where Rgopt -t jXgopt is the optimum source impedance) than the comparable MESFET [ 11 to facilitate lower noise over a broad bandwidth. Another advantage of the HEMT is that its performance improves more rapidly with cooling than does that of the MESFET. This is due to the enhancement of electron mobility by reduced ionized impurity scattering in HEMT structures resulting from spatial separation of the channel electrons and their parent ions in the highly doped AlGaAs layer. Manuscript received September 8, 1987 . The HEMT devices were developed at the General Electric Company with the support of the Jet Propulsion Laboratory, California Institute of Technology, under Contract 957352, monitored by S. Petty. The National Radio Astronomy Observatory is operated by Associated Universities, Inc. under contract with the National Science Foundation.
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IEEE Log Number 8718789. For good low-noise devices, one must have good pinchoff characteristics, low parasitic resistances Rg and R, ( R , , the gate metallization resistance and R,, the series source resistance that includes the ohmic contact resistance and the channel resistance between gate and source contacts), and high transconductance g, . For a field-effect transistor, the minimum noise temperature can be approximately expressed by [4] where K and K, are noise coefficients, t = T,/290, and T, is the physical temperature of the device. The first term represents the effective noise voltage generator in the input circuit and is dominated by the thermal noise of R, and R,. The second term represents that portion of the nonthermal noise coupled to the gate circuit, which is uncorrelated with the drain current. For the cryogenic operation (T, < 20 K and t < 0.07), the second term K , / g i becomes dominant. Therefore, for a good cryogenic low-noise device, the wafer should have a proper doping concentration and spacer thickness to achieve an enhancement of g, at low temperature. Another important factor is the crystal quality, especially the presence of defects at the layer interfaces and in doped AIGaAs, giving rise to light sensitivity of the device dc parameters and noise performance. 11. HEMT FABRICATION The HEMT devices were fabricated on selectively doped AlGaAs /GaAs heterostructures by molecular-beam epitaxy on a 3-in substrate Varian GEN I1 system. The detailed material growth conditions have been discussed elsewhere [2] . Fig. 2 with slightly different values of electron mobility measured at 77 K for both wafers.
IV. SIGNAL AND NOISE PERFORMANCE The room-temperature signal and noise performance was very consistent and repeatable for both wafers. The noise figure measured at 8 GHz with bias VD = 2 V, IDS = 24 mA varied between 0.4 to 0.5 dB with associated gain between 14.2 and 15.1 dB. As an example, the data for five arbitrarily selected devices from wafer B are shown in Table I and their S-parameters at low-noise bias conditions are shown in Fig. 6 .
Although the room-temperature noise performance of the devices from both wafers was very similar, their cryogenic performance was different.
First, the cryogenic noise performance of the wafer A devices was not dependent on past history, Le., conditions under which it was cooled down. Their performance was best without light illumination, typically exhibiting minimal noise temperature of 7.5 K at 8.5 GHz, which deteriorated by about 1.5 K if illuminated. Removal of light returned the noise temperature to the previous dark value. The devices from wafer B did require illumination to obtain lowest noise temperatures, typically 5.5 K at 8.5 GHz. The difference between noise performance prior to illumination (if cooled in dark) and after illumination was about 0.5 K to 1 K. Upon subsequent removal of light, the noise temperature remained at the low value or even went lower by a fraction of a Kelvin and was not observed to go up during a period of 48 h if kept cold.
Second, an important difference was repeatability of noise performance at cryogenic temperatures. Devices from wafer B showed excellent repeatability, not demonstrated by the devices from wafer A. This is illustrated by the data of Tables I1 and 111 , containing the results of cryogenic measurement for five devices of each wafer. In all cases the cryogenic noise performance could be correlated with the rate of increase of transconductance g, with drain current, as it is illustrated in Figs. 7 and 8. The best devices of wafer A could almost match the cryogenic performance of a typical device from wafer B.
These two differences are most likely related to the difference in processing of both devices. First the devices from wafer A have a deeper gate recess etch, resulting in more enhancement-type characteristics, than the devices ------from wafer B. This could make wafer A devices to be more sensitive to the small nonuniformity of either gate recess etch or wafer structure. Also, although both devices possess 0.25-pm gates, the gate of wafer B devices is approximately symmetrically placed between source and drain, while for wafer A devices it is offset toward the gate. In the most extensive study of low-temperature been clearly found to be dependent on the type of the device (enchancement or depletion mode) and also on the potential distribution across the device, i.e., on its geometry. This could explain observed slight differences between the light sensitivity of two devices. Different geometry of sample devices is also responsible for different noise parameters, which for the frequency mum noise temperature for cryogenic HEMT's and FET's from C-to K-band is proportional to frequency, which is also in agreement with studies, both theoretical and experimental, of room-temperature devices (for instance,
. The results at L-band slightly deviate from the proportional dependence, most likely due to 1 lfnoise. This explanation is corroborated by room-temperature measurement of 1 lfnoise which for these two wafers exhibits a comer frequency of about 200 MHz and trails down to reach a thermal noise floor at around 2 GHz. The measured results for the devices discussed in this paper are shown in Fig. 10 , yielding the best ever reported noise temperature-frequency coefficient of 0.65 K/GHz.
V . CONCLUSIONS
The performance of cryogenic HEMT's with recordbreaking noise temperatures has been described. The noise performance has been qualitively correlated with dc mea- sured characteristics, light sensitivity and other technological and experimental data. While trap-related effects are a dominant factor in the performance of cryogenic HEMT's, they are far from being well understood. However, as the data presented in this paper indicates, most of the undesired effects can be avoided in conventional HEMT structure with proper wafer growth and processing.
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